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Abstract 
Milan is one of the biggest cities in Italy characterized by a heavy automotive traffic. Air pollution is a deal of concern owing to 
the high concentration of particulate matter (PM10 and PM2.5) registered all over the year. Existing epidemiological data suggest 
an impact of PM on human health; however, experimental data on the biological effects of PM are still poorly investigated. In 
vitro results obtained after exposure to PM10 and PM2.5 sampled in Milan during winter and summer are reported here. PMs 
were characterized for their chemical and microbiological composition and tested to evaluate their potential toxicity in the human 
pulmonary cell line A549 and in the monocytes cell line THP-1. The chemical and microbiological analysis showed an evident 
seasonality in PM properties. Interestingly summer PMs contains mainly gram negative bacterial population while winter PMs 
gram positive, spore forming and possibly pathogenic, bacteria. PMs triggered different biological responses which are possibly 
related to the sampling season. Summer PMs elicited a higher pro-inflammatory potential that correlates to the high content of 
gram negative bacteria as detected by the microbiological characterization. On the other hand the winter PMs are able to induce 
cell cycle arrest, disrupting the normal microtubule organization in mitotic cells. The results obtained underline that the chemical 
properties of the PM are only in part responsible for the biological responses, since the biological components are of primary 
importance triggering endpoints such as inflammation. 
©  Published by Elsevier BV 
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1. Introduction 
Particulate matter (PM) is a complex mixture of compounds of different origin and chemical composition. PM in 
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urban areas is often characterized by a carbonaceous core with organic and inorganic compounds, eventually 
absorbed on its surface. PM composition results to be highly variable in space and time. People living in cities are 
exposed to high PM concentration mainly as a consequence of life stile based on an increasing demand of motor 
vehicles mobility and energy consumption. Milan is one of the biggest cities in Italy and its air pollution is a deal of 
concern owing to the high concentration of PM registered all over the year. So far both epidemiological data and 
experimental studies on its effects are still lacking. To understand PM toxicity is thus of importance to clarify the 
biological reactivity of different PM fractions and to identify PM properties that may trigger the effects. Finding 
possible correlations between PM properties and PM effects may be also important to determine the PM components 
which mainly contribute to the observed health effects. 
Epidemiological data have clearly evidenced consistent correlation among daily changes in PM outdoor 
concentration and mortality [1, 2]. PM-induced inflammatory responses are believed to be a central step in the 
development and exacerbation of health effects associated with air pollution [3]. Pro-inflammatory interleukins have 
been shown to be over-expressed in humans exposed to high levels of coarse and fine PM [4] and the production of 
pro-inflammatory mediators by the lung epithelium seems to have a significant role both in allergic condition 
exacerbation (asthma, allergic rhinitis) and in pathogenesis of nonallergic ones (chronic bronchitis and chronic 
obstructive pulmonary disease, COPD). Moreover, these mediators entering the systemic circulation could have an 
accelerating effect on the atherothrombotic disease [5, 6, 7].   
We have previously reported a difference in the biological effects of summer and winter PMs in two different 
pulmonary epithelial cell lines [8]. These seasonal effects were related to the chemical composition of PM, 
nevertheless the data revealed a possible importance of the microbiological composition in the observed pro-
inflammatory effects. 
The current knowledge on the distribution of bacteria in the atmosphere is still poorly investigated since most of 
the studies on PM or aerosol samples, applied only culture-based techniques [9, 10, 11] or accounted only for the 
whole PM fraction [12]. These techniques thus limit the possibility of understanding the seasonal variability of the 
bacteria populations. It is indeed well known that different bacteria species may trigger different biological 
responses both in in vitro and in in vivo systems. Gram negative bacteria, which have cell wall rich in 
lipopolysaccarides (LPS) trigger inflammatory responses while gram positive bacteria are mainly considered as 
pathogen of the respiratory tree.  
In the present study the urban PM10 and PM2.5 sampled in Milan during winter and summer 2009 were 
microbiologically characterized and tested on the human alveolar cell line A549 and on the human monocytes cell 
line THP-1 to study their cytotoxicity and pro-inflammatory potential. 
2. Materials and methods 
PMs were sampled and chemically characterized as previously reported [8]. Briefly, PMs were collected at Torre 
Sarca, a site in the Milan area considered representative of background urban atmospheric pollution concentrations. 
Low volume gravimetric samplers were used (EU system 38, 33 l min-1, FAI Instruments, Rome; Italy) and the 
atmospheric sampling point was about 3 meters above ground level. PM samples were collected on Teflon filters (47 
mm Ø, 2 μm, Pall Gelman, USA) or quartz filter for chemical characterization. Before and after sampling, filters 
were equilibrated for 48h (35% relative humidity, ambient temperature). All sampled filters were then preserved in 
the darkness at – 20°C (avoiding photodegradation and evaporation losses) for further chemical and biological 
analyses. Chemical and biological characterization and the corresponding in vitro effects of PMs were investigated 
on a subset of samples from each season.  
The total endotoxin content in the different PM samples was quantified by the limulus amebocyte lysate (LAL) 
test accordingly to the manufacturer instruction (Cape Cod Inc. MA, USA) and as reported in [14]. 
Considering the differences in endotoxin, the characterization of the microbial communities associated with the 
PM was carried out by sequencing the V3 hypervariable region of 16S rRNA gene [13]. DNA was extracted directly 
from the filters of the different PM samples. The number of high quality sequences obtained after quality filtering 
and removal of non-bacterial sequences was 6618 for winter PM10, 17387 for winter PM2.5, 2546 for summer 
PM10 and 32375 for summer PM2.5. 
PM samples extracted from the sampling filters as previously described [14] were then used to determine the 
biological responses in A549 and THP-1 cell lines. The epithelial and monocytes cells were maintained in Opti-
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MEM (Invitrogen, Italy) supplemented with 10% fetal bovine serum and 5% of penicillin/streptomycin, at 37°C, 
5%CO2. The percentage of serum was reduced to 1% during PM treatments. A549 and THP-1 cells were exposed to 
10μg/cm2 of PMs for 24h. Cell viability, cytokines release and cell cycle progression were then assessed with the 
LDH assay kit (Sigma-Aldrich, Italy), ELISA technique (Invitrogen, Italy) and flow cytometry respectively. 
3. Results 
The chemical composition showed the seasonal variation recently reported in [8]. Results demonstrate a clear 
seasonality of the endotoxin content, higher in summer samples and lower in winter and with summer PM10 
containing the highest level of endotoxin (Tab. 1).  
Table 2 shows the bacterial taxonomic classification and relative percentage of the most represented orders. 
Generally Gram-positive bacteria are dominant in winter PM communities and Gram-negative bacteria in summer 
ones, thus confirming the LAL results. Actinomycetales (suborder) is the dominant taxon in the winter samples (80% 
in winter PM2.5 and 60% in winter PM10 respectively). Sequences associated to the spore-forming microorganisms 
orders, Bacillales and Clostridiales (Firmicutes), were also present in winter PMs, 3% and 13% in PM10 and 2% 
and 2% in PM2.5 respectively.  
 
Tab 1. Endotoxin content [U/ml] in summer and winter PM samples. Mean and S.D. from at least three 
independent experiments are reported. Endotoxin content was the highest in all the summer PM10 samples analysed. 
 
 
 
 
 
 
In the summer samples, the largest number of sequences was classified as Chloroplast (family), 30% in PM10 
and 40% in PM2.5. Sphingomonadales and Rhizobiales were also dominant taxa in summer library. The former 
represented 20% and 12% of the sequences in PM10 and PM2.5 respectively and are known to be plant-leaf 
associated bacteria [15], while the latter accounted for 8% and 6% in PM10 and PM2.5 and forms endosymbiotic 
association with roots of legumes.  
Cell viability was significantly reduced by summer PM10 treatment in both the cell lines. However THP-1 cells 
were more sensitive because all the tested PMs were slightly more cytotoxic than in A549 cells (Fig. 1). 
Summer PM10 induced also a significantly higher release of the pro-inflammatory interleukin (IL)-8 compared 
with the other PMs tested (Fig. 2). 
Winter PMs on the other hand induced cell cycle arrest in THP-1 cells exposed to 10 and 25μg/cm2 (Fig. 3A) as 
assessed by flow cytometry. A statistical significant increase in the number of cells arrested in G2/M phase was 
observed in cell exposed to winter PMs. Apparently the cells were arrested in the first step of mitosis rather than in 
G2, as demonstrated by immunocytochemistry staining of ß-tubulin which revealed a disorganization of the mitotic 
spindle following winter PM treatment (Fig.3B).  
Summer PM2.5 Winter PM2.5 Summer PM10 Winter PM10 
12.1 + 3.6 8.2 + 2.2 20.1 + 6.5 10.7 + 1.9 
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Table 2. Taxonomic classification by Ribosomal Database Project Bayesian Classifier (50% confidence) at Order 
level of Winter PM10, Winter PM2.5, Summer PM10 and Summer PM2.5. The % of the analysed  Orders 
determined in the PM samples is reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Cytotoxicity of A549 and THP-1 cells exposed to 10μg/cm2 of summer and winter PMs. Summer PM10 
resulted to be more cytotoxic than the other PMs tested since it induced a significant increase in LDH release in both 
the cell lines.. Values reported as mean + S.D. of three independent experiments;  * statistically different from 
control p < 0.05 ANOVA 
 
4. Conclusion 
The results here presented evidence a clear correlation of the microbiological properties of summer PMs with the 
cytotoxic and pro-inflammatory effect of PM. Particulate matter sampled in summer showed a higher content of 
endotoxins related to gram negative microbial community. Parts of these bacteria are associated to the plants growth 
as previously reported by [16] and [17]. As previously reported by [14] the increase of endotoxins and the presence 
of mineral dust may correlate with the pro-inflammatory response in A549 cells exposed to summer PM10. On the 
contrary, winter PMs are enriched in gram positive bacteria. The relevant dominance of these microorganisms is 
consistent with the severe weather conditions during winter in Milan and the reduction of viability of gram negative 
bacteria. However, since the relative humidity during summer and winter seasons may be considered similar, the 
differences observed in the bacteria communities are likely to be due to other weather parameters such as 
TAXON Winter PM10 
Winter 
PM2.5 
Summer 
PM10 
Summer 
PM2.5 
Actinomycetales (sub-Orders) 61.0 83.7 0.16 7.2 
Clostridiales 12.9 1.8 0.3 2.5 
Sphingomonadales 5.2 0.8 20.2 12.0 
Rhizobiales 3.3 0.2 7.4 5.6 
Bacillales 2.6 1.9 0.2 1.7 
Pseudomonadales 2.3 0.7 0.7 1.2 
Rhodobacteriales 1.8 0.3 6.2 4.1 
Bacteroidales 1.4 1.0 1.7 0.7 
Chloroplast (Family) 1.3 3.6 27.7 38.5 
Flavobacteriales 1.2 0.8 4.2 2.8 
Sphingobacteriales 0.7 0.4 11.6 8.6 
Enterobacteriales 0.5 2.4 2.1 4.9 
Other Orders 6.0 2.3 17.5 10.2 
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temperature, solar radiation and rainfall. Gram positive bacteria are considered mainly as pathogen, nevertheless the 
results here reported did not evidenced any correlation between biological effects of the winter PMs and their 
microbiological characterization. Similar results have been recently reported in the bronchial cell line BEAS-2B [8] 
and the toxic effects described were related mainly to the higher contents of PAHs in the winter PMs.  
 
 
 
 
 
 
 
 
 
 
 
Fig 2. IL-8 release in A549 and THP-1 cells exposed to 10μg/cm2 of summer and winter PMs. PM10 induced a 
significant release of the inflammatory mediators analyzed. Values reported as mean + S.D. of at least three 
independent experiments; * statistically different from control p < 0.05 ANOVA 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Cell cycle alteration of THP-1 cells exposed to 25μg/cm2 of winter PMs (A) measured by flow cytometry. 
Values are reported as mean + S.D. of three independent experiments. Immunocytochemistry staining of ß-tubulin 
(B) of exposed cells revealed a severe disorganization of the spindle during mitosis possibly explaining the cell 
cycle arrest in G2/M phase observed by flow (Ctrl: mitotic spindle in a control cell, PM2.5: representative mitotic 
spindle in a cell exposed to winter PM2.5) 
 
 
Particulate matter is a complex mixture and synergistic processes triggering different biological effects are easy 
to happen. The fine microbiological characterization of PM and its correlation to possible adverse health effects has 
been scarcely investigated. Our result clearly showed the importance of these kinds of investigations. Furthermore 
these results outline the opportunity to deserve further efforts to understand the mechanisms triggered by the coarse 
fraction of the PM. At the same time further investigation are needed to understand the mechanisms by which the 
winter PMs, and the PM2.5 in particular, induce cell cycle alterations. The disruption of the spindle during mitosis is 
a severe event that may result in abnormal chromosome segregation and incorrect cell division.  
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